This paper explores the genetic structure and signatures of natural selection in different sub-populations from the Island of Sardinia, exploiting information from nearly 700 000 autosomal SNPs genotyped with the Affymetrix Genome-Wide Human SNP 6.0 Array. The genetic structure of the Sardinian population and its position within the context of other Mediterranean and European human groups were investigated in depth by comparing our data with publicly available data sets. Principal components and admixture analyses suggest a clustering of the examined samples in two significantly differentiated sub-populations (Ogliastra and Southern Sardinia), as confirmed by AMOVA (F ST ¼ 0.011; Po0.001). Differentiation of these sub-populations was still evident when they were pooled together with supplementary Sardinian samples from HGDP and compared with several other European, North-African and Near Eastern populations, confirming the uniqueness of the Sardinian genetic background. Moreover, by applying several statistical approaches aimed at assessing differences at the SNP level, the highest differentiated genomic regions between Ogliastra and Southern Sardinia were thus investigated via an extended haplotype homozygosity (EHH)-based test to point out potential selective sweeps. Using this approach, 40 genomic regions were detected, with significant differences between Ogliastra and Southern Sardinia. These regions were subsequently investigated using a long-range haplotype test, which found significant REHH values for SNPs rs11070188 and rs11070192 in the Ogliastra sub-population. In the light of these results and the overlap of the different computed statistics, the region encompassing these loci can be considered a strong candidate to have undergone selective pressure in Ogliastra.
INTRODUCTION
In recent years, unprecedented advances in the knowledge of human genetic variation have been driven by the technological improvements that have involved genotyping and sequencing platforms, shedding new light on the genetic variability of our species, as well as on the different origins, demographic histories and disease susceptibilities of its populations. 1-3 These advances have also favored a more in-depth understanding of the role that natural selection had in the differentiation processes of human groups after Homo sapiens exited from Africa, [4] [5] [6] by enabling researchers to perform studies on the genetic footprints of selection at a higher resolution, with respect to the past, and leading to the identification of hundreds of loci with strong evidence of selection. [7] [8] [9] [10] [11] [12] [13] Characterization of these adaptive events clearly represents an extremely precious opportunity to explore the genetic basis of human adaptation and its crucial medical implications, turning out to be considerably important also for the evaluation of the genetic causes behind human diseases. 14, 15 Genome-wide scans have been progressively applied at worldwide and regional levels, although most studies have focused primarily on continental European populations. 2, [16] [17] [18] The Sardinian genetic variation has begun to be described in the complex landscape of genome-wide investigations, thanks to the high-density genotyping of the HGDP-CEPH panel by Li et al. 1 Nevertheless, no studies concerning the island's internal heterogeneity, or the potential presence of footprints of natural selection in its inhabitants' genomes, have been reported.
Sardinian populations are undoubtedly of particular interest owing to their genetic background and elevated degree of isolation. 19 These characteristics have made them suitable models for studies on monogenic diseases, such as G6PD deficiency, 20 Thalassemia 21 and Wilson disease. 22 Moreover, as the Sardinian population is considered a founder population, the dissection of its genetic variation is also useful for association studies on complex diseases, in particular on autoimmune diseases, such as Type-I Diabetes and Multiple Sclerosis, which are highly represented on the island. 23, 24 In order to increase genomic information on Sardinian sub-populations, this research has explored the subregional genetic structure and the signatures of natural selection observable in different samples from the Island of Sardinia. The position of Sardinians in the genetic space of Mediterranean, European and Near-Eastern populations was also investigated. To this end, information on nearly 700 000 autosomal SNPs genotyped with the Affymetrix Genome-Wide Human SNP 6.0 Array (Affymetrix, Inc., Santa Clara, CA, USA) was exploited and used to apply several statistical approaches aimed at assessing differences at the SNP level. The highest differentiated genomic regions between Ogliastra and Southern Sardinia were investigated via an extended haplotype homozygosity (EHH)-based test. 5 This demonstrated a potential selective sweep that occurred in the genomes of one of the examined populations.
MATERIALS AND METHODS

Sampling and genotyping
A panel of 321 unrelated healthy individuals, belonging to various regions of the Island of Sardinia (Ogliastra, Trexenta, Sulcis and Campidano), were sampled ( Figure 1, Supplementary Table 1S ). Individuals were aggregated into two main groups according to their different geographic locations and by taking into account their genetic structure (see Results). The first sub-population includes all samples from Ogliastra, one of the most-isolated regions [25] [26] [27] [28] of Sardinia. The second assembles samples from Southern Sardinia (Trexenta, Sulcis and Campidano), a larger and less-isolated area. Populationbased methods use these two sub-populations as units of analysis.
Samples were genotyped with the Affymetrix Genome-Wide Human SNP 6.0 Array. Applying subsequent quality control (QC) filters, a data set made up of 689 879 informative autosomal SNPs with minor allele frequencies 41% was obtained for 310 individuals.
Population structure
Principal component analysis (PCA) was performed on the basis of all informative markers on all the collected Sardinian samples, as well as by exploiting information obtained from a subset of 114 702 SNPs on a data set including literature data from 481 individuals belonging to several European, North-African and Near-Eastern populations (Supplementary Table 2S ) and genotyped with different Illumina platforms.
Individual admixture analysis was performed on the two identified subpopulations (Ogliastra and Southern Sardinia) according to a subset of 87 167 SNPs selected in order to have low linkage disequilibrium (LD) values (HR 2 o0.5) and d estimates Z0.05, 29 as well as on the data set including literature data on the basis of 92 890 SNPs with HR 2 o0.5.
An AMOVA test 30 between Ogliastra and Southern Sardinia pooled samples was also performed on the basis of 100 000 randomly selected SNPs and 1000 permutations.
LD analysis
LD was measured using the HR 2 statistic 31 by computing it for Ogliastra and Southern Sardinia and for each couple of SNPs with a physical distance lower than 70.5 kb. For each sub-population, couples of SNPs were clustered in 1-kbsized windows, which were computed for every 250 base pairs and mean HR 2 values were estimated for each window. 32 
Detection of highly differentiated genomic regions
Highly differentiated genomic regions between the two investigated Sardinian sub-populations were detected by computing three distinct measures of differentiation for each SNP: F ST , 33 d and w 2 . To merge information from these parameters, we considered the top 35 000 SNPs with highest values (5% of the total SNPs list), filtering for the common markers present in each of the three distributions. From the resulting data set, markers significantly differentiated according to w 2 test were selected. All the identified genomic regions characterized by at least one SNP statistically different between the two Sardinian sub-populations were further investigated in search of signatures of natural selection by applying the long-range haplotype test (LRH). 5 Selected genomic regions were phased, and for each identified core SNP, REHH values were calculated. Outliers in the resulting distribution were considered as statistically significant results.
An exhaustive description of the sampling criteria, QC filters and applied statistical analyses is provided in the Supplementary Materials and Methods.
RESULTS
The genetic structures of the population samples examined by means of a PCA were investigated using all the 689 879 informative SNPs that passed QC and data set-filtering procedures. Plots of the top three principal components (PCs) are shown in Supplementary Figure S1 . In Supplementary Figure S1A the plots of the first vs second PCs are shown, which represent 4.13% of the whole variability. In particular, the first PC clearly separates Trexenta, Sulcis and Campidano samples (Southern Sardinia) from the Ogliastra region, whereas the second PC underlines a high degree of internal variability in Ogliastra. By plotting the first vs the third PC (3.74% of whole variability), Supplementary Figure S1B confirms the internal differentiation of Ogliastra (in contrast with a lower genetic diversity in Southern Sardinia), as emphasized by the third PC. On the contrary, results 
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IS Piras et al from the remaining PCs (data not shown) seem to be not related to geography among and within populations. These data were further compared with the HGDP Sardinian sample, 1 exploiting information from the subset of 114 702 SNPs shared between the two different data sets. HGDP individuals from Sardinia seem to be broadly comprised in the variability observed in our previous PCA (Supplementary Figure 2S) , in particular showing a higher degree of affinity with Southern Sardinians with respect to individuals from Ogliastra. All Sardinian individuals were further compared with a data set made up of 453 subjects belonging to 26 European, NorthAfrican and Near-Eastern ethnic groups (details in Supplementary  Table 2S ). A plot of first and second PCs (Supplementary Figure 3S) , accounting for 15.04% of the total variability, suggests a clear differentiation of the Sardinians with respect to the other examined populations, as well as a considerable internal heterogeneity of the Sardinian population as a whole. In particular, the first PC separates Sardinians from North-African and Near-Eastern populations, whereas the second PC separates them from the Europeans. With respect to the European groups showing the higher affinity to Sardinians, the French-Basques and the Tuscans seem to be the closest fit according to the first and second PCs, respectively. Sardinians cannot be distinguished from any of the European populations according to the third PC (Supplementary Figure 4S ) just as they are inseparable from the Near-Eastern populations on the second PC (Supplementary Figure 3S) .
The results of admixture analysis performed on each collected Sardinian sample according to K values ranging from two to five are shown in Supplementary Figure 5S . This plot confirms the results obtained from the PCA study. In particular, at K ¼ 2 a clear differentiation between Ogliastra and Southern Sardinia was detectable, whereas for higher K values an internal substructure of the Ogliastra region appeared. This structure indicated three groups of villages (Ulassai with Jerzu, Tertenia with Barisardo and, finally, Villagrande Strisaili), with a distribution reflecting the geographical position of villages in the examined region. At K ¼ 5 it was also possible to discern a weak gradient within the Southern Sardinian region, with some differentiation of Sulcis with respect to the other two subregions (Trexenta and Campidano). Admixture analysis was subsequently repeated on the data set, including literature data and exploiting information from a subset of 92 890 SNPs with low LD values (Supplementary Figure 6S) . Interestingly, Sardinian individuals, besides maintaining a sharp distinction with respect to samples from other populations, are still characterized by a strong internal subdivision between Ogliastra and Southern Sardinian subjects (in particular at K ¼ 5), so that their genetic differentiation results are comparable to those observed among populations from widely larger geographic areas.
The population differentiation between Ogliastra and Southern Sardinia was also evaluated with an AMOVA test based on 100 000 randomly chosen SNPs showing a modest, but statistically significant difference (F ST ¼ 0.011; Po0.001).
LD, as measured with the HR 2 coefficient, is represented as a function of the physical distance between the couples of SNPs shown in Figure 2 . As expected, both sub-populations show the well-known LD decay curve, but Ogliastra is characterized by HR 2 values higher than those observed for Southern Sardinia for each point of the respective curves.
Genomic regions with high differentiation between the two subpopulations have been identified through the calculation of w 2 test, Table 3S ) demarcated different regions, each characterized by a peak SNP with the highest P-values (converted in Àlog 10 scale).
Overall, 40 regions were defined, of which four were characterized by a number of significant markers ranging from four to ten, 1 by three significant SNPs, 8 by two significant SNPs and 27 by a single significant SNP. The 13 regions with at least two relevant SNPs are shown in Table 1 .
Each of these regions was phased considering a genomic interval centered on its 'peak' SNP, spanning 300 kb upstream and downstream, for a total of 9064 loci. The largest regions were phased equally between the first and the last SNP to achieve a better coverage of the segment under investigation. REHH was calculated for each SNP in both the examined sub-populations and P-values were corrected with the Bonferroni method. In Figure 4 , the distributions of REHH values in the bin of allele frequencies are shown. After correction for multiple testing, no significant values resulted for Southern Sardinia as opposed to the Ogliastra region, where REHH values were significant (P ¼ 0.01162; REHH ¼ 15.86) for two adjacent SNPs (rs11070188, rs11070192). These are located on chromosome 15 at þ 5 kb from the peak SNP rs7181250, delimited by the C15orf54 and THBS1 genes in 3 0 and 5 0 , respectively, and presenting high F ST values ( Figure 5 ). Values of REHH as a function of distance are shown in Figure 6 .
DISCUSSION
In order to increase the genomic and population coverage of past studies on Sardinian populations, the present research explores the subregional geographic structure and signatures of natural selection observable in the genetic variability of distinct sub-populations of the Island of Sardinia belonging to various regions (Ogliastra, Sulcis, Trexenta and Campidano). In addition, this research investigated in depth the genetic position of Sardinians within the context of several other Mediterranean and European human groups. The study exploited information from a data set of 689 879 autosomal SNPs that have been genotyped in 310 Sardinian individuals with the Affymetrix Genome-Wide Human SNP 6.0 Array, as well as from a subset of 114 702 SNPs shared between our experiment and publicly available data sets for several European, North-African and Near-Eastern populations. 1, 34 According to the first PC identified in the PCA performed at the single-village level, a clear differentiation between Ogliastra and other samples exists, whereas the other PCs mainly highlight an internal differentiation within Ogliastra; on the contrary, samples from Southern Sardinia appear quite homogeneous. Admixture analysis perfectly confirms these findings, allowing the observation of evident patterns of internal differentiation for the Ogliastra sample. A statistical support for the observed differentiation is also provided by an AMOVA test performed after pooling Southern Sardinian samples together according to PCA and admixture analysis and suggesting a different genetic background for them. Interestingly, population structure analyses carried out at a wider geographical scale, besides confirming the representativeness of HGDP Sardinians for the Island population as a whole, and the high degree of differentiation of Sardinians with respect to other Mediterranean and European populations, 1,35-37 still highlight an internal differentiation within Sardinia, suggesting that the results of PCA and admixture analysis at the micro-geographical level are not a simple consequence of the adopted small geographical resolution. Moreover, these analyses also point out an appreciable genetic affinity of Sardinians with the French-Basque population that could be explained by their common Paleolithic genetic substrate, which has been much more maintained with respect to other populations as a consequence of their cultural and geographic isolation. 38 Differently from our results, some studies that have investigated the Sardinian internal structure pointed out the complete absence of a significant genetic structure by comparing three different macro-areas on the basis of a limited number of autosomal or Y chromosome markers, [39] [40] drawing the conclusion that the Sardinian population as a whole is highly homogeneous. A plausible explanation for the difference between literature data and our findings is that results could be influenced by the different surveyed sub-population. Individuals from Ogliastra were not included in previous works and it has been proved that this sub-population is characterized by high genetic isolation and low gene flow. [25] [26] [27] [28] These conditions have determined its sharp genetic differentiation with respect to sub-populations belonging to the neighboring areas. 25 According to results showing that the pooled sample from Southern Sardinia is quite homogeneous despite being made up of individuals belonging to different historical-geographic subregions, it can be concluded that in Sardinia internal heterogeneity among macro-areas exists, even though it is actually limited to particular areas.
Concerning the internal differentiation in Ogliastra, these results also confirm previous observations, which have detected micro-heterogeneity among small areas or even single villages in the Island of Sardinia including Ogliastra. [25] [26] [27] [28] [41] [42] [43] [44] [45] Differences between the two examined sub-populations are also reflected in their LD decay patterns, with Ogliastra showing higher LD values at any distance. This result agrees perfectly with the strong isolation levels reported for Ogliastra, meaning that in this population linkage blocks are averagely longer than those from Southern Sardinia.
To further explore genomic differentiation of the identified subpopulations, three parameters were computed for each of the 689 879 selected informative SNPs, leading to the identification of 40 regions characterized by one or more SNPs statistically differentiated according to w 2 test. In particular, strong levels of differentiation, demonstrated by clusters of SNPs with highly significant P-values after conservative multiple test correction, were detected on chromosomes 1, 9, 12 and 13. Several of these SNPs are located on genes or regions with clinical implications or associated with particular phenotypes in human or animal models; [46] [47] [48] [49] [50] [51] therefore, the hypothesis that they could have a role in susceptibility to common complex diseases cannot be ruled out. 52 In fact, examination of allele frequencies in 11 HapMap phase III populations has demonstrated high levels of variation for the markers already associated with complex diseases and traits in genome-wide scans. 53 It is then plausible that a similar phenomenon could occur also in a limited geographical area such as Sardinia, especially according to the heterogeneity found among its examined groups.
According to this view, the study plan aimed to search for the genomic region showing the highest probability to represent an actual selective sweep. For this purpose, all the differentiated regions mentioned above were phased and analyzed with the LRH test 5 for each sub-population. After Bonferroni correction, two SNPs showed significant REHH values in the Ogliastra population: rs11070188 and rs11070192, both mapping on chromosome 15 (15q15) and showing high F ST values. It seems worthy to note that rs11070188 is located on a glucocorticoid receptor transcription factor-binding site, and the whole region is delimited by C15orf54 ( À81 kb) and THBS1 ( þ 244 kb) genes. The THBS1 gene encodes for Thrombospondin I, a multi-modular secreted protein that associates with the extracellular matrix and exerts a variety of biological functions, such as platelet aggregation, angiogenesis and tumorigenesis. Additionally, the THBS1 gene acts as a receptor for red blood cells parasitized by Plasmodium falciparum, the adhesion of which to small-vessel endothelium enhances Plasmodium virulence. Based on these findings, combined with the overlap of the different computed statistics, the region encompassing these loci can be considered a strong candidate to have undergone a selective pressure in Ogliastra. Although it has been not detected as a target for positive selection in HGDP populations, Sardinians included, by the extensive genome-wide scan carried out by Pickrell et al, 7 this research cannot demonstrate the claim for a selective pressure on this genomic region that is specific to the Ogliastra sub-population, as signatures of selection surrounding the THBS1 gene have already been found in two distinct studies. 8, 9 In particular, Williamson et al 8 detected a selective sweep at 21 kb from the THBS1 gene, according to a combined sample (AfricanAmerican, European-American, Chinese samples) analysis, whereas Simonson et al 9 identified a signal of selection in the same region in a Tibetan population. However, in this specific case, and according to the location of the identified SNPs, both regarding the THBS1 gene, it is possible to speculate about a potential selective pressure represented by malaria infection, which has heavily characterized Sardinia until the complete eradication occurred in the middle of the twentieth century. 54 Referring to the classic Fermi data, 55,56 the mean malaria morbidity for Ogliastra, calculated as a weighted average based on the number of individuals for each village, is 57.95%, with respect to the 28.56% for Southern Sardinia (Supplementary Table 4S ). These data suggest not negligible malaria endemicity in Ogliastra. The hypothesis of its potential selective pressure on the genomes of individuals inhabiting this area cannot be ruled out, even though further evaluations are required. Furthermore, the fact that the exploited data about malaria morbidity are referred to the first decades of the twentieth century has to be taken into account, so that they likely underestimate the actual burden of malaria from more ancient times. Nevertheless, these data have already shown their usefulness as a reference for analyses focused on the correlation between malaria and genetics. [57] [58] [59] In conclusion, although genome-wide scans in search of signatures of natural selection have already been performed, mostly among populations showing high reciprocal divergence levels, the same analyses carried out at the micro-geographical level are still lacking and this research can be considered as a first attempt to partially fill this gap.
The main results highlight an internal differentiation of the Sardinian population, mainly due to a different genetic background of Ogliastra individuals with respect to those from the other examined regions. At the same time, they point out a pattern of homogeneity among samples belonging to regions from Southern Sardinia (Sulcis, Trexenta, Campidano), an area characterized by a considerably lower degree of isolation with respect to Ogliastra.
Future studies based on high-density SNPs genotyping experiments from other Sardinian regions (that is, Northern Sardinia) will undoubtedly contribute to a better knowledge of the internal genetic structure of this island.
The results also support the identification of a potential selective sweep that occurred at the micro-geographical level and concerning the Ogliastra sub-population, albeit more extensive analyses on other Sardinian regions could be useful to strengthen this finding and to carefully identify an underlying biological interpretation.
The highly differentiated genomic regions detected may represent potential targets of the action of natural selection or may present substantial functional differences. It is therefore possible to speculate, on the basis of the high differentiation between the two examined samples, that these could have a role in the susceptibility to common complex diseases. 52, 53 These results could have a predictive value for incoming association studies focused on multifactorial diseases in the same sub-populations.
